We report simulations showing tunable terahertz oscillations of the electromagnetic field provided by the Bloch oscillations of a short photonic wave packet in a tilted band structure. The structure consists in a finite one-dimensional photonic crystal inhomogeneously chirped by a slowly-varying refractive index gradient. Tunability is obtained by relocating the Bloch oscillations center in regions characterized by different local band structure gradients. With reasonable refractive indexes, this mechanism may allow the generation of signals which cover a wide continuous part of the electromagnetic terahertz range, when used in combination of appropriate detection schemes.
I. INTRODUCTION
Terahertz radiations, sometimes referred to as T-rays, belong to a particularly useful part of the electromagnetic spectrum. Much of the interest for this electromagnetic spectral range stems from the ability of this radiation to penetrate deep into biological tissue, with the advantage over x-rays that it does so without inducing ionization damages. Terahertz wavelengths extend from 30 m ͑10ϫ 10 12 Hz͒ to 1 mm ͑0.3ϫ 10 12 Hz͒, i.e., those frequencies which bridge microwaves to infrared light. For physical reasons, absorption and reflection of matter in this spectral range are usually found to be quite different from the corresponding properties in the other parts of the spectrum. Exploitations of these peculiar characteristics have been considered in many fields, such as biomedical sensing, 1 radioastronomy, 2 studies of the Earth atmosphere, 3 plasma fusion diagnostics, 4 and gas spectroscopy. 5 Practical methodologies using these radiations have been developed for security monitoring. 6 In spite of limitations in imaging resolution, terahertz radiation is believed to provide a way to visually discriminate materials which often have the same appearance under visible-light illumination. The early detection of skin cancer, for instance, is one of the recent suggestions for application. 1 The use of terahertz radiation has been boosted by the very recent development of efficient sources. Remarkably, Köhler et al. 7 introduced a semiconductor laser that produces intense radiation at 4.4 THz, by injecting carriers into a semiconductor quantum well. In parallel, synchrotron radiation can also be used, 8 producing incoherent radiation in a very wide spectral range. Many other approaches have been attempted, including direct laser-to-laser spectral conversions. For instance, optical mixing in nonlinear crystals 9, 10 or in photoconductors, [11] [12] [13] [14] quantum cascade lasing 15, 16 or oscillation of semiconductor resonant tunneling diodes [17] [18] [19] are competing for reliably producing terahertz radiation. More references and techniques will be found in a recent review article by Peter H. Siegel. 20 In the present work, we describe a mechanism which can be used for the tunable terahertz modulation of infrared radiation. The fundamental idea is to exploit the Bloch oscillations of photonic carriers, which have clearly been observed in one-dimensional photonic crystals. 21, 22 With an appropriate detection process, this could lead to the generation of tunable radiation in the terahertz spectral range.
II. MOTIONLESS TUNABLE CAVITY USING BLOCH OSCILLATIONS
Bloch oscillations arise from an intraband process which has first been experimentally demonstrated in semiconductor superlattices in the presence of a uniform electric field. [23] [24] [25] Originally proposed for atomic crystals, [26] [27] [28] [29] the phenomenon could not be observed there because competing interband transitions usually preclude the formation of a complete oscillation. 30 The photonic analogue of this effect appears when a photonic crystal is subject to a slowly varying refractive index or a geometry parameter modulation, resulting in a linear tilting of the band structure. These "chirped" photonic crystals give rise to a set of equidistant frequency levels, the optical counterpart of the Wannier-Stark ladder in semiconductor superlattices. The tilting of the photonic bands can be obtained in different ways. In confined Bragg mirrors, the band structure gradients are caused by a gradual change of the lateral confinement; 31 in graded-index optical superlattices, the gradient stems from a linear modification of the layers refractive indexes; 22 in geometrically chirped photonic crystals, the band structure modulation arises from a gradual modification of the layers thicknesses. 21 A theoretical description of the photonic Bloch oscillations for geometrically chirped photonic crystals can be found in a paper by Malpuech et al. 32 Figure 1 shows the graded-index structure considered in this work. This photonic device can be described as a series of n cavities separated from each other and from the incidence and emergence media by Bragg mirrors made of multiple quarter-wave layers. The refractive index of the layers is set to vary in a non-uniform way, in order to control the local values of the Bloch oscillations frequencies along the film depth, perpendicular to the layers. Such a fine adjustment of the refractive indexes is possible in special cases, as with porous silicon, where changes in etching anodization current control the variations of the optical density. 33 If i is the cavity number, the refractive indexes in each period ͑con-taining one reflector and one cavity͒ are described by the values taken from the ͑backward͒ recurrence rule
.
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In these relations, g 1 and g 2 are parameters which approximate the limits of the targeted tunability range of the terahertz device, as a radiation emitter ͑values such as g 1 = 1.5 meV and g 2 = 60 meV are adequate to attempt covering the entire terahertz radiation range͒. In what follows, the number of cavities is set to n = 20 and the cavity width d cav is given the constant value 541 nm. The reflector layers are quarter-wave slabs, with respective indexes and thicknesses n a = 1.45 and d a = 135 nm, and n b = 1.95 and d b = 100 nm in the rear ͑i =20͒ period. The cavity index, in the rear period, is also n cav = n a . In previous works, 22 the target was to obtain a refractive index modulation which led to a nearly linear band tilting, providing only one Bloch oscillation frequency. Here we will require that, within the depth of the film, the band structure gradient spans a whole range of values, which will all be available to provide a range of terahertz oscillation frequencies. The above nonlinear recursion, Eq. ͑1͒, not only provides a slow spatial modulation of the refractive indexes but also a slow linear change of its gradient. The resulting photonic structure can be understood in terms of a local band structure gradient across the depth of the device, using concepts borrowed from the effective-mass theory of semiconductors. Figure 2 shows the actual band and gap regions as a parabolic depth-dependent ͑i.e., z-dependent͒ band structure. This calculation takes the parameters found in the chirped finite film at a given depth z, and evaluates the location of the gaps of an infinite photonic crystal defined by these parameters. This figure also shows the total reflectance of the sample, where the Wannier-ladder resonances are clearly observed. The spacing of this levels decreases for increasing energies, in relation with the band structure curvature. The amplitude of these dips varies according to the length of gap regions to be crossed by the transiting light. The absence of transmission between 1.3 and 1.4 eV is only related to the high reflection on the lowest gap. It should be emphasized that even in that case, light penetrates in the band between the two gaps, where it undergoes its Bloch oscillations.
These resonances correspond to very high quality-factor states. Figure 3 shows the square of the electric field inside the structure along the growth direction z for a range of frequencies matching that of the band structure in Fig. 2 . In this representation, a monochromatic plane wave at normal incidence is assumed to inject energy in the multiple-scattering structure. The upper-left region of Fig. 3 shows the interference between the incident wave, entering the chirped photonic crystal and the back-running wave reflected on the higher gap. Undergoing Zener tunneling, some of the light crosses the gap elastically and feeds the horizontal resonances associated with the Wannier ladder, providing Bloch oscillations. These resonances appear inside the band which separates the higher and lower gaps shown on Fig. 2 . The center of the band defines, in space, the center of the Bloch oscillations. Due to our choice of the structure parameters, the spacing of the levels on this Wannier ladder covers a large part of the terahertz electromagnetic range. The spectral location of The whole structure contains n wide cavities ͑our calculations use n =20͒, and n + 1 mirrors. The refractive index ͑increasing with darker gray shades͒ of these layers is not periodic, but gradually modified along the depth of the structure. FIG. 2 . Slow modification of the local band structure across the multilayer stack arising from the nonlinear modulation of refractive indexes. The black and gray areas correspond to local gaps, where no "normal-incidence" photonic states appear. Note that the slope of the band edges is not constant. The reflectance spectrum, on the right inset, reveals features related to Bloch oscillations and the Zener effect .   FIG. 3 . ͑Color online͒ Square of the electric field E͑z , ͒ inside the structure ͑along the growth direction z͒, for a range of frequencies matching that of Fig. 2 . The horizontal resonances are the Wannier-Stark ladder levels requested for intraband Bloch oscillations. These resonances appear inside the band confined between the local gaps, defined as in Fig. 2 . When considering decreasing photon energies, a gradual increase of the level spacing is observed, together with a spatial shift of the Bloch oscillations center. This is due to the curvature introduced in the refractive index distribution described by Eq. ͑1͒. these ladder levels exactly matches the series of dips observed on the reflectance spectrum of Fig. 2 . A gradual change of spacing of the Wannier levels follows any incident photon frequency change, or Bloch oscillations center shift, due to the nonlinear modulation given to the refractive index of the layers.
Note that the distance between successive frequency levels can be obtained by the following Fabry-Perot formula:
where d is the local distance between the gap edges at the given input frequency and n is the average refractive index. This estimate fits adequately the levels observed in Fig. 3 , as a function of the film depth.
III. ADJUSTABLE OSCILLATING PATHS
A short pulse of infrared radiation injected in this chirped one-dimensional photonic crystal can be described as a Bloch wave packet characterized by an experimentally defined central frequency 0 . The dynamics of this wave packet is ruled by the superposition principle. The wavepacket envelope evolves in time inside the structure as
where E͑z , ͒ represents the field amplitude which develops in the layers under an incident monochromatic wave ͑see Fig. 3͒ . g͑͒ is the Fourier coefficient of the incident pulse. For a gaussian wave falling under normal incidence, this is essentially proportional to
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The parameter ⌬ controls the pulse duration, which should be sized to a value close to the Bloch oscillations periods ͑a typical 100 fs͒. The central frequency 0 is set at an order of magnitude in relation with the photonic crystal spectral response, typically in the eV range. Figure 4 shows the wave-packet law of motion, in z-space and time, for different values of the incident pulse central frequency 0 . Space oscillations are clearly seen in all cases, as expected, but the center and the frequency of the oscillations change with 0 . In Fig. 4͑a͒ , the incident pulse frequency is ប 0 = 1.2 eV and the oscillations period is found to be 85 fs ͑11.8 THz͒, compared to 84 fs ͑49 meV͒ read on the reflectance spectrum of Fig. 2; in Fig. 4͑b͒ , the incident pulse frequency is ប 0 = 1.3 eV and the oscillations period is found to be 106 fs ͑9.4 THz͒, compared to 104 fs ͑40 meV͒ from reflectance; in Fig. 4͑c͒ , the incident pulse frequency is ប 0 = 1.45 eV and the oscillations period is found to be 189 fs ͑5.3 THz͒, compared to 188 fs ͑22 meV͒. It is important to underline that the parameters used to define the initial photonic structure can be widely modified, leaving much room for further optimization of the Bloch oscillations generator.
The above analysis provides a handle for Bloch oscillations tunability: The infrared pulse, when scattered by the structure undergoes oscillations at different depth in the device according to the incident central frequency. The shift of the oscillation center allows the wave-packet to start oscillating in regions of different refractive index gradients which leads to various Bloch oscillations frequencies. This phenomenon is clearly specific to Bloch oscillators: Fixedboundary cavities ͑as in Fabry-Pérot devices͒, for instance, can produce oscillations of a spatially confined wave packet, but the center of oscillations cannot be changed, making it difficult to achieve tunability.
IV. DETECTION OF TERAHERTZ FIELDS
It remains to consider the extraction of the terahertz signal from the bouncing wave-packet. There are two distinct aspects to this question. First, the electromagnetic signal must escape from the oscillation path in the form of an infrared terahertz-modulated carrier wave. Second, some detection system must extract the terahertz signal from the infrared modulated wave.
The first question involves the transfer of energy from the oscillating spatial range into the medium outside the film. During Bloch oscillations, the electromagnetic wave is periodically reflected on the gap boundaries. This reflection competes with the interband transmission through the bandgaps known as the Zener effect. This process consists in an elastic tunneling transition through a local gap and provides an opportunity for the energy to escape from the device. With a short pulse, this transmission and reflection is attempted at twice the Bloch oscillations frequency. The intensity of this escaping signal increases with the probability of a Zener process, depending on the gap lengths. In the examples provided by Fig. 4 , the case ប 0 = 1.3 eV ͓Fig. 4͑b͔͒ corresponds to the wider exiting gap. Because of the reduction of the Zener effect probability, the lifetime of the Bloch oscillations is maximal and the wave-packet field is maintained much longer than for the other injected frequencies. A longerlasting emission then requires a low Zener tunneling probability and a high storage of energy in the wave-packet. This can be better achieved with wider gaps.
The detection of terahertz radiation, i.e., the suppression of the carrier frequency from the exiting modulated wave is the subject of ongoing studies. [34] [35] [36] [37] [38] Several directions have been pursued with results showing various efficiencies.
One direction is that of miniaturized whisker diodes, which was proposed by Cutler et al. 35 as a result of the analysis of the asymmetric response to electromagnetic fields of the scanning tunnelling microscope. The size reduction of the metal-tip diode to near-atomic scale moves the rectification capability from radio or microwaves to optical frequencies. These studies then suggest that, for the present purpose, the detection could be achieved in spatially distributed arrays of whiskers facing flat conductor surfaces.
Another direction is offered by the nonlinear wave mixing in which difference frequencies can easily be generated. The spectrum of a modulated infrared signal, as shown on Fig. 4 , can actually be deduced from the spectrum of Fig. 3 , at a specific depth in the device. The available frequencies are described by the recurrence relation
where ⌬ i is the difference frequency generated with an infrared incident beam of frequency close to i . Lithium niobate was recently suggested as a possible material in which the required infrared-to-terahertz nonlinear conversion can be realized.
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V. CONCLUSION Bloch oscillations and the Zener effect in photonic crystals are not just interesting analogues of the Bloch oscillations and the Zener effect of charge carriers in semiconductors. The use of chirped photonic crystals allows to define a new type of Fabry-Perot cavity, where the reflectors are replaced by non propagating regions associated with the local periodicity of the structure. The spatial location of the wave turning point, where the reflection occurs, change with the frequency of the incident wave. With a well-designed gradual modification of the structure, it is possible to modify the distance between the turning points by a mere adjustment of the incident frequency. We then obtain a very effective cavity tuning without any mechanical change of the cavity geometry and with no externally driven modification of the refractive index of the material.
In the present work, it is suggested to use this very peculiar cavity to produce a long-lasting infrared optical wave carrying a terahertz oscillating modulation. The idea is to inject a short, but energetic, pulse of infrared radiation into the chirped-crystal cavity and let it resonate by multiple reflection on the inner gaps, undergoing spatial Bloch oscillations. A careful choice of the spatial chirping of the structure will lead to frequency separations which can span a significant part of the terahertz spectral range. This can be used to produce a large number of distinct terahertz modulation frequencies, which can be tuned by adjusting the frequency of the incident infrared beam. In the simulations supporting this idea, we took care of keeping all material and geometry parameters within the range of availability. However, only the practical realization of the device will provide a real proof a feasibility.
The detection of the modulation is then essential for producing the final radiation. The technical details of this stage of the process have not been described, but it was realized that a nonlinear filter is required, either to rectify the modulated carrier, as with miniaturized whisker diodes arrays, or by difference frequency generation.
